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SUMMARY 


Experimental loads data at transonic speeds are reviewed in an 
attempt to sort out the effects of several configuration variables on 
the overall wing loads, and to establish the relative importance of these 
variables. 

All plan forms show a large rearward shift of the center of pres- 
sure in the transonic speed range, but the Mach niamber at which this 
shift begins is found to be a function of such factors as taper ratio, 
thickness ratio, sweep angle, and the shape of the body. The center of 
pressure also tends to shift outboard in the transonic speed range, but 
this shift is found to be much larger for sweptback wings of medium taper 
than for highly tapered sweptback wings or for imswept or delta wings. 

Wing loads measured in flight on the D-558-II airplane, which has 
a wing thickness ratio of about 0 . 09 ^ are similar to those measured on 
a 6-percent -thick wing of similar sweep and aspect ratio, except that 
the transition from subsonic to supersonic loading characteristics begins 
at a lower Mach number for the thicker wing. This similarity indicates 
the possibility of 'applying these flight-test results in the structural 
design of thinner wings. ' 


INTRODUCTION 


Studies of aerodynamic loading at transonic speeds (for example, 
ref. 1) have revealed that a change in wing thickness ratio from a large 
value such as 0.09 to a smaller value such as 0.06 often results in large 
changes in wing loading characteristics. Several research programs have 
been conducted at the NACA for the purpose of determining the effects of 
conf igioration changes on the aerodynamic loading of thin wings (6 percent 
thick and less) at transonic speeds. The purpose of this paper is to 
simnnarize this information in a manner that will aid in the evaluation of 
the relative importance of the variables that affect wing loads. For the 
most part, the location of the center of loading on the wing will be used 
as an indicator of the overa ll wing loads. 
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SYMBOLS 


aspect ratio of complete wing 

span of exposed wing 

chord 

mean aerodynamic chord of exposed wing 
average chord of conplete wing 

incidence angle 
Mach numher 

P - Pn 

pressure coefficient, — ^ — - 
local static pressure 
free- stream static pressure 

free-stream dynamic pressure 
thickness ratio 

distance along wing chord, measured from leading edge, 
fraction of chord 

chordwise location of center of pressure measured from leading 
edge of reference chord ^c or Cg,v) 

lateral distance . 

spanwlse location of center of pressirre measured from wing- 
hody juncture 

exposed-wing hending-moment coefficient based on ejqoosed-wing 
dimensions 

exposed-wing pitching-moment coefficient based on exposed-wing 
dimensions 

exposed-wing normal-force coefficient based on ejq)osed-wing 
dimensions 
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a angle of attack 

6jj nose droop angle 

A sweepback angle (subscripts .25, .50, and .50 specify reference 

chord line) 

A taper ratio 

Subscripts : 

e exposed wing 

LE leading edge 

Test designations (used in fig. l) ; 

F fli^t (including pressure measurements) 

P wind-t\innel pressure ' 

WB wind-t\mnel wing balance 


DISCUSSION 


Some of the wing-body combinations and airplanes for which wing 
loads data are available are represented in figure 1 (refs. 2 to 11). 

The symbol P in the figure signifies wind-t\mnel pressure tests, and 
the symbol F refers to flight tests during which pressiares were also 
measured. For the remainder of the configurations, data have been 
obtained from wing balances as signified by the symbol WB. The avail- 
able pressure data have made it possible to study in some detail the 
changes in wing loading that occur in the region of transition from sub- 
sonic to supersonic si>eeds. However, very little detailed press^Jre 
information is included in this paper. 

In figure 2, chordwise and spanwise center-of-pressvire locations 
obtained from the data of reference 7 are plotted as a function of Mach 
number at a normal-force coefficient of 0.5 for two wings differing only 
in thickness ratio. Note that the data in this and all ensuing figures 
are reduced on the basis of exposed- wing geometry as indicated by the 
subscript e. The mus\ially rearward position of the wings on the 
research body shown in figure 2 probably has no major effect on the wing 
loads . 
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The large rearward movement of the center of pressure between Mach 
numbers of about 0.8 and 0.95 is due to the rearward travel of the wing 
shock (fig. 2). This shock reaches the trailing edge at a Mach number 
of about 0.95 st which speed the flow over the upper svirface of the wing 
is almost entirely supersonic, and further increases in Mach nvunber up 
to 1.2 result in only small additional movement of the center of pressvire. 
For these thin unswept wings, the lateral position of the center of pres- 
sxire is affected little by the variation of Mach number. Reducing the 
thickness ratio from 0.06 to 0.04 results in only a small shift of the 
center of pressiare - rearward and Outboard - and thus in only a small 
change in the loads. This trend exists throiighout the normal-force range 
below the stall.. Unpublished data from a different wing, for which chord- 
wise pressure distributions were obtained at two spanwise stations, show 
that reducing the thickness ratio from 0.04 to 0.02 has an even smaller 
effect on the chordwise center of pressure than shown here. 

Plots of the center of pressure for three wings with about 55 ° of 
sweep - a wind-tunnel model (ref. 7 ) and the F 86 -A (ref. 12) and 
D- 558 -II (ref. 8 ) airplanes - are shown in figiire 3 . Note that the cen- 
ter of pressure for the F- 86 a airplane shows a rather severe forward and 
inboard movement in the transonic speed range which results from a loss 
of lift at the tip of the wing. This characteristic has been described 
in the past as being typical of thick sweptback wings, because it was 
found that, when the thickness ratio was reduced sufficiently, the for- 
ward and inboard movement of center of pressure was eliminated. The data 
for the D- 558 -II research airplane show that the center of pressvire moves 
rearward and outboard as the speed is increased in the transonic range, 
a characteristic which has been described as typical of thin swept wings. 
In this particvaar case, however, the wide difference in the behavior of 
center of pressure between the F- 86 a and D- 558 -II airplanes cannot be 
explained on the basis of wing thickness because the thickness ratios 
measured streamwise, average about 0.09 for both airplanes. The differ- 
ences in sweep and taper ratio are silso small, but there is a significant 
change in aspect ratio from 5.6 for the D- 558 -II to 4.8 for the F- 86 A. 
Increasing the aspect ratio thus is seen to have an effect similar to* 
that of increasing the thickness ratio, in that eventually a point is 
reached where further increases resvilt in a loss in lift at the wing tips 
at transonic speeds with a resultant inboard and forward movement of the 
center of pressure. The solid lines in figure 5 indicate the center of 
pressure of the 6 -percent-thick wind-tunnel model. The only significant 
difference between these curves and those for the D- 558 -II airplane is a 
delay in the Mach number at which the rearward and outboard movement of 
the center of pressure begins. This delay is due to the decreased thick- 
ness ratio of the wind-tunnel model which reduces the induced velocity ' 
over the wing. It is apparent from the comparison in figure 3 that the 
flight data from the D- 558 -H airplane can be used with some confidence 
in estimating the loads on much thinner wings of about the same plan form, 
whereas the F- 86 a data are likely to give misleading results if applied ^ 
to thin wings. 
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In connection with the data of figure 2 , it was noted that the center 
of -pressure movement at supersonic speeds was relatively small for unswept 
wings. A similar trend is shown in figure 5 for swept wings. The flight 
data not only verify this trend but also show that it extends to the limit 
of the test data at a Mach number of 1.5. The spanwise center of pres- 
sure for the 6-percent-thick wing has been calculated at M = 1 . 2 , 1 . 26 , 
and 1.5 by linearized theory. The results are plotted as the diamond * 
points and show good agreement between the theory and experiment. With 
decreasing supersonic Mach number, the linearized theory predicts a 
sizeable inboard shift of the center of loading beginning at the point 
where the Mach lines become parallel to the wing trailing edge - the so- 
called subsonic trailing-edge case. Experimentally, this shift is found 
to occur at subsonic rather than low supersonic speeds. If the calcu- 
lations are started at the lowest Mach number for which the supersonic 
trailing-edge theory is applicable, and the resulting ciirves are simply 
extrapolated back to M = 1, the spanwise center of load for. sweptback 
wings will be predicted with better accuracy than by using the theory for 
subsonic trailing edges. 

The advantages of thin wings for high-speed flight have been clearly 
established from a performance steindpoint. However, the choice of plan 
form depends to some extent on the intended mission of the airplane nnri 
therefore unswept, swept, and delta wings are all under consideration. 

The chordwise and spanwise center of pressure is shown in figure 4 as a 
function of Mach number for one of the imswept wings shown previously 
and also for a swept (ref. 7) and a delta wing (unpublished data) at a 
value of Cjj^ of 0.5. The wings utilized here are representative of 

the three types of plan form, but are not necessarily optimum from a 
performance standpoint. Only the imswept and swept wings have the same 
aspect ratio, taper ratio, and thickness ratio. Although the thickness 
ratio of the delta wing is considerably lower than that of the other two 
wings, the differences shown here are primarily due to the change in 
plan form. Comparing the chordwise center-of -pressure location for the 
imswept and swept wings reveals that sweep has resulted in an increase 
in the Mach number at which’ the rearward shift of the center of pressure 
begins; but, at a Mach number of 1.2, the center of pressure of the two 
wings is in nearly the same chordwise location. The lateral center of 
pressure for the swept wing shows an outboard movement of about 7 percent 
of the exposed semispan, as Mach number is increased from subsonic to 
supersonic speeds. For the delta wing, the chordwise center of pressure 
is considerably farther rearward than for the other wings. However, 
because of the change in plan form the mean aerodynamic chord for the 
delta wing is farther inboard and considerably longer than for the other 
two wings, althou^ the wing areas are the same. As a result, the rear- 
ward center-of -pressure movement with increasing Mach number for th e 
delta wing is larger, relative to that for the other two wings, than 
might appear from the data of figure 4. The spanwise center of pressure 
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for the delta ving is located farther inboard than that for the other 
two wings and, like the unswept wing, it shows a much smaller movement 
through the transition from subsonic to supersonic flow than does the 
spanwise center of pressure of the swept wing. 

The variation of the chordwise and spanwise center-of -pressure loca- 
tions with wing normal-force coefficient for the same three wings of fig- 
vire 4 is shown in figure 5 . At a Mach number of 0.8, the chordwise center 
of pressure for the unswept wing shows a large rearward movement in the 
upper range of Cjj^, and this rearward movement is accon 5 >anied by an out- 
board movement. For the swept and delta wings, the inboard and forward 
movement of center of pressure that begins at normal-force coefficients 
of 0.5 to 0.8 is associated with tip stalling. This characteristic is 
undesirable from a longitudinal- stability standpoint and modifications 
incorporated to improve the stability generally delay the beginning of 
this center-of -pressure shift to higher normal- force coefficients. At a 
Mach number of 1.2, for the unswept and delta wings, the chordwise posi- 
tion of the center of pressure shows very little movement with increasing 

within the range of the data. The center of pressure of the swept 

wing again shows a forward movement at high values of C«j . The spanwise 

"e 

center of pressure for the unswept wing is nearly constant at M = 1 . 2 , 
whereas the swept and delta wings experience an inboard movement of the 
center of pressure that is similar to that shown at M = 0.8, although 
it is less severe. At a Mach nimiber of 1.2, the spanwise center of pres- 
sure of the swept wing is outboard of that for the unswept wing through- 
out most of the range of S' result the root bending moments for 

the swept wing will be higher, in general, than those for the unswept 
wing. For example, in a maneuver at Cjj =0.4 and M = 1.2, the root 

bending moment for the swept wing would be about I 7 percent higher than 
for the unswept wing. 

Structural considerations lead to a desire for rather highly tapered 
wings.. Center- of -pres sure locations for two swept wings identical except 
for taper ratio were obtained from reference 6 and are presented in 
figure 6 . In comparing wings of different taper ratio, it is important 
to recognize that the mean aerodynamic chord of the more highly tapered 
wing is located farther inboard and is also longer. There is one chord 
on the wing, however, that is imaffected by a change in taper ratio; 
namely, the average chord of the complete wing. Consequently, the 
average chord has been selected as a basis for tMs comparison, and on 
this basis the. change in taper ratio from 0.6 to 0.3 is found to have 
very little effect on the center-of -pressure location at subsonic and 
supersonic speeds. The transition in the transonic speed range, however, 
begins at a lower Mach number for the more highly tapered wing. 
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Some unpublished daba. on an even more highly bapered wing (A = 0.15) 
showed an oubboard movemenb in bhe spanwise cenber of loading of less bhan 
2 percenb of bhe exposed semispan ab bransonic speeds as compared bo aboub 
7 percenb for bhe wings shown in figure 6. The bending-momenb characber- 
isbics of a very highly bapered swepbback wing bhus seem bo approach bhose 
of a delba wing, and bhe momenb increase ab bransonic speeds is smaller 
bhan for bhe wings shown in figure 6. This is, of covirse, a favorable 
effecb as far as bhe wing loads are concerned. The wing wibh a baper 
rabio of 0.15 has bhe same sweep and aspecb rabio as bhe wings shown in 
figure 6, bub ib was specifically designed for efficienb flighb ab bran- 
sonic speeds and has camber and bhinner airfoil secbions. 

Ab bhe presenb blme, conboured bodies are being considered in bhe 
design of bransonic and supersonic airplanes. In figure 7 is shown bhe 
effecb of body indenbabion on bhe cenber-of -pressure locabion for a wing 
of aspecb ratio 2.67 (unpublished daba). The change in body shape is 
seen bo resulb in a somewhab rearward and inboard movemenb of the cenber 
of pressure throughoub bhe speed range. Tesbs of obher wings have shown 
bhab bhe effecb of body conbouring on wing loads is less for wings of 
higher aspecb rabio (ref. 6). This is bo be expecbed because the effect 
of the body shape on the wing pressures is confined largely to the region 
of the wing near the body (ref. I3). 

Another factor that has received increased attention recently is 
the use of leading -edge camber on the wings of high-speed airplanes. In 
order to discuss the effects of such camber on the aerodynamic loads, it 
is necessary to inspect chordwise pressure distributions. Pressures at 
the 28-percent-semispan station are shown in figure 8 for an imswept wing 
with the leading edge undrooped (ref. 10) and drooped 6° and 10° along 
the 17-percent-chord line, at angles of attack of about ,5° 15°. Pres- 

sures for bhe drooped cases were obtained from vinpublished data. The 
results shown in this figure are typical of those at other spanwise sta- 
tions. As the leading edge is drooped to progressively higher angles ab 
an angle of attack of aboub 5°, bhe suction above the leading e'dge is 
reduced at Mach numbers of both 0.8 and 1.0. Thus, the loads on the mech- 
anism required to droop the leading edge are highest at bhe breakaway 
point, and they can be estimated from the pressure distribution on the 
ttndrooped wing . 

At a Mach nimiber of 0.8 and an angle of attack of about 5°, increasing 
the droop results in a rearward movement of the wing shock, but behind this 
shock the droop has little effect on the wing loads (fig. 8). As the angle 
of attack is increased, the loads on the undrooped nose increase until the 
flow separates, at which point the loads are considerably reduced. At an 
angle of attack of about 13° and a Mach number of 0.8, the flow is com- 
pletely separated at the leading edge for the 0° and 6° droop cases, but 
there is still a negative pressure peak at 10° of droop. At about the 
same angle of attack and a Mach number of 1.0, there is still a smal i 
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reduction in the leading-edge load as the droop is increased; Note that 
the trailing-edge loads are 'not affected by droop at either Mach niJinber. 

Unpublished results from chordwise loadings for a 45° swept wing 
with a drooped leading edge show trends similar to the unswept-wing data 
of figure 8. 

An indication of the effect of leading-edge droop on the total wing 
loads is given in figure 9 which shows the pitching-moment and root- 
bending-moment coefficients for a swept wing with and without droop, and 
the root -bending -moment coefficient for the unswept wing with and without 
droop. The moments, rather than the center of pressure, are plotted in 
this figure because it is felt that they may give a somewhat clearer 
picture of the effect of droop. The bending moment at a constant Cm 

"e 

is essentially unaffected by the camber for both the swept and unswept 
wings, within the range of the data. Application of camber to the swept 
wing causes a negative increment in the pitching-moment coefficient that 
is nearly constant up to a normal-force coefficient of 0.4. 

The effect of a change in wing incidence from 0° to 4 ° on the 
pitching -moment and root -bending-moment coefficients for a swept wing 
is presented in figure 10 at a Mach number of 1.0 (unpublished data). 
Incidence causes an essentially constant increment in the pitching and 
bending moments through a large part of the normal- force range. Thus, 
the principle of superposition of a basic loading due to incidence and 
an additional loading due to angle of attack is apparently valid at 
sonic speed as well as at subsonic speed. 


CONCLUDING RHVIARKS 


This discussion of experimental loads data at transonic speeds has 
been an attempt to sort out the effects of several configuration vari- 
ables on the overall wing loads, and to establish the relative impor- 
tance of these variables. 

All plan forms show a large rearward shift of the center of pres- 
sure in the transonic speed range, but the Mach number at which this 
shift begins is found to be a function of such factors as taper ratio, 
thickness ratio, sweep angle, and the shape of the body. The center of 
press\xre also tends to shift outboard in the transonic speed range, but 
this shift is found to be much larger for sweptback wings of medivmi taper 
than for highly tapered sweptback wings or for unswept or delta wings. 
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Wing loads meastired in flight on the D- 558-11 airplane, which has 
a wing thickness ratio of about 0.09, are similar to those laeasured on 
a 6-percent -thick wing of similar sweep and aspect ratio, except that 
the transition from subsonic to supersonic loading characteristics begins 
at a lower Mach nianber for the thicker wing. This similarity indicates 
the possibility of applying these flight-test resxilts in the structviral 
design of thinner wings. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., April 27, 1955. 
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Figure 2 


EFFECT OF ASPECT RATIO 
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Figure 5 
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EFFECT OF PLAN FORM ON CENTER OF PRESSURE 
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EFFECT OF PLAN FORM ON CENTER OF PRESSURE 




Figure 5 
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EFFECT OF TAPER RATIO ON CENTER OF PRESSURE 

CNe • 0.4 




EFFECT OF BODY INDENTATION ON CENTER OF PRESSURE 

CNg = 0.4 
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Figure 7 






